A selective and sensitive electrochemical sensor was studied for determination of levodopa (LD) in the presence of uric acid (UA) and ascorbic acid (AA) using poly-dianix blue and multi-walled carbon nanotubes (PDB/MWCNTs) modified glassy carbon electrode. Cyclic voltammetry, differential pulse voltammetry, and chronoamperometry methods were applied to investigate the electrocatalytic oxidation of LD, UA and AA in aqueous solutions. By DPV technique, LD, UA and AA give oxidation peaks at 0.380, 0.520 and 0.180 V, respectively. Under the optimized experimental conditions LD, UA and AA give a linear response in the range of 0.09-75 μmol L -1 , 0.3-110 μmol L -1 and 10-160 μmol L -1 , respectively. Accordingly, the obtained detection limits were 0.003, 0.002 and 0.023 μmol L -1 . The method provides a simple electrochemical sensor for successful determination of LD in human blood serum samples.
Introduction
Parkinson's disease (PD) is a progressive neurologic disorder that leads to a slowly increasing asthenia in movement. It is caused by a lack of dopamine, a natural substance usually found in the brain. Dopamine cannot be administered directly because it does not cross the bloodbrain barrier easily. Levodopa (LD) is one of central nervous system drugs and passes into the brain and is then converted to dopamine by decarboxylase. Then, LD is utilized to increase dopamine levels in the brain. 1 Clearly, the process of LD detection and its concentration determination is an important property in pharmaceutical and clinical procedures. Different analytical methods have been developed in order to measure LD levels in various sample matrices, such as spectrophotometric, 2 high-performance liquid chromatography, 3 and capillary zone electrophoresis. 4, 5 All these methods involve complicated techniques and expensive instruments. Compared to other choices, electrochemical methods provide useful alternatives that are faster, cheaper and highly sensitive. [6] [7] [8] [9] [10] Ascorbic acid (AA) is commonly known as vitamin-C. 11 AA plays an important role in several enzymatic reactions and in the defense against oxidative stress.
12 According to these properties, it is utilized for the prevention and treatment of infertility, Alzheimer's disease, atherosclerosis, cancer 13, 14 and AIDS. 15, 16 However, at higher concentration levels, AA contributes to the formation of kidney stones.
Uric acid (UA) is a nitrogenous compound and the primary major product of purine catabolism. 17 Continuous monitoring of UA in the body fluid is vital since its abnormal concentration levels result in different diseases, such as hyperuricaemia and gout. 18 Several methods for the de-
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Poly-Dianix Blue/Multi-Walled Carbon Nanotube ... tection of UA have been explained in papers including enzymatic-spectrophotometry 19 and chemiluminescence. 20 However, most of these methods are complicated because they need derivatization of compound with variety detection methods. Therefore, it is favorable to have a simple, sensitive and fast method for monitoring the concentration of UA in biological fluids such as electrochemical techniques. 21, 22 Whereas LD, UA and AA play the main role in the human body and often coexist in biological fluids, the selective detection of these three compounds has always been the subject of many types of research. 15 As LD, UA and AA are all electroactive, electrochemical methods are often utilized to the determination of these three species. 23, 24 However, the direct redox reactions of these species at the bare electrodes take place at very similar potentials [25] [26] [27] [28] and often suffer from a pronounced fouling effect, which results in a poor selectivity and reproducibility. 29, 30 Also, the voltammetric sensing of neurotransmitter metabolites usually suffers from the interference of AA, which usually coexists in vivo as anion at high concentrations and possesses an oxidation potential close to that of neurotransmitter metabolites at the unmodified electrode. 31 Moreover, one promising approach for minimizing overvoltage effects and facilitating the determination is through the use of an electrocatalytic process at chemically modified electrodes. The most commonly used electrode material is carbon particularly glassy carbon (GC), 32 accordingly the chemical modifications of the inert substrate of glassy carbon electrode with redox active thin films offer significant advantages in the design and development of electrochemical sensors. 33 Modification of GC electrodes can be achieved by numerous ways, and the electropolymerization method has been widely explored. 34 Compared with the conventionally adsorbed layer, the electropolymerized conductive sensing film is more uniform and the thickness is easily controlled by controlling the number of potential sweep cycles. More importantly, the polymeric sensing films on the electrode surface can yield a three-dimensional reaction zone which can provide more active sites for anodic oxidation of LD, UA and AA and greatly increase the sensitivity of the resulting sensor. 35 Carbon nanotubes (CNTs) are considered to be good supports for polymer-modified GC electrodes, because of their good electric conductivity, small dimensions, high mechanical strength, 36 electric 37, 38 and thermal behavior, 39,40 and the property of being polymer carriers. 41, 42 In the previous work, the poly-(Alizarin Red S)-modified glassy carbon electrode was successfully fabricated and used for the electrochemical detection of LD, homovanillic acid, and AA in the presence of the each other. 43 However, modification with new nanocomposite materials offers advanced properties.
In this study, PDB/MWCNTs-modified GC electrode was electrochemically prepared and used as an electrochemical sensor for determination of LD, UA and AA in the presence of the each other. The results have been compared with the bare GCE and PDB/GCE based on electrocatalytic oxidation, and some parameters influencing the performances of this electrode in the determination of the three species are discussed. In fact, the redox active sites shuttle electrons between the analytes and the electrode shows a significant reduction in activation overpotentials.
Experimental

1. Chemicals and Solutions
LD, UA and AA were obtained from Alfa Aesar, Fluka (Switzerland) and Merck (Germany), respectively. Dianix blue (4,8-diamino-1,5-dihydroxy-2-(4-hydroxyphenyl)-4a,9a-dihydroanthracene-9,10-dione) with the molecular mass of 362.34 g mol -1 , the structural formula of C 20 H 14 N 2 O 5 and the following molecular formula (Scheme 1) was purchased from Dy Star. MWCNTs with purity more than 95% were purchased from Research Institute of Petroleum Industry (Iran). MWCNT purification was performed as given in the literature: 44 0.150 g of MWCNTs were stirred in 12 mL of concentrated HNO 3 /H 2 SO 4 mixture 3:1 for 24 h. The solid product was filtered using a membrane filter with a pore size of 0.2 m, washed with double distilled water until neutral pH was reached. The filtrate was dried at 80 °C in an oven for 24 h. Other reagents were of analytical grade purchased from Merck and used without further purification. Electrolyte solutions were prepared using Smalley method. 45 The initial pH of the solution 0.10 mol L -1 KCl + 0.01 mol L -1 H 3 PO 4 was ca. 2.1. The higher pHs were adjusted by the addition of 0.11 mol L -1 NaOH. Ionic strength was constant over the entire range of pH. All electrochemical experiments were carried out in 0.11 mol L -1 PBS at pH 3.0. Freshly prepared LD, UA and AA solutions were used for each experiment. All aqueous solutions were made with double-distilled water.
Apparatus
A conventional cell with three electrodes including bare GCE or modified GCE with PDB or PDB/MWCNTs as working electrode, Ag/AgCl (3.0 mol L -1 KCl, Metrohm) as reference electrode and platinum bar (Metrohm) as auxiliary electrode, was employed for electrochemical experiments. The cyclic voltammetry and differential pulse voltammetry and chronoamperometry experiments were carried out using an Autolab P/GSTAT 12 (Eco Chemie, The Netherlands) interfaced with a computer and controlled by GPES 4.9 software. The topological imaging of the electrodes was performed by AFM using Nanosurf Easy Scan 2 AFM (Nanosurf AG, Switzerland) and Field Emission Scanning Electron Microscope (FESEM, MIRA, TESCAN, USA). AFM images were taken in the air in the contact/tapping mode and were obtained at least in three different sites in given samples.
3. Electrode Modification
Before electrode modification, the GCE (nominal area of 0.0314 cm 2 , Azar electrode Co., Urmia, Iran) was polished using aqueous slurries of alumina (0.05 μm) on polishing cloth. Then it was rinsed with double-distilled water, and sonicated in water/ethanol/water each for 3 min respectively. The suspension of DB/MWCNTs was prepared from at least 2 h ultra-sonication of DB (0.1 mmol L -1 ) and MWCNTs (1 wt% DB) in PBS. 46 The cleaned electrode was immersed in the suspension of DB/MWCNTs and conditioned out by cyclic potential sweeping between -0.2 to +1.8 V at 0.100 V s -1 for 40 scans. After electropolymerization, the modified electrode was rinsed with distilled water and utilized for electrochemical measurements.
Results and Discussion
1. Fabrication and Characterization of PDB/MWCNTs Modified GCE
The non-conducting polymer films devoted to developing sensors and biosensors have a very thin thickness (10-100 nm) due to their self-limited growing. 47 The nonconducting films also have favorable perm-selective properties which could be used to reduce possible electrochemical interferences in samples. Therefore, fast response time and high selectivity could also be expected for nonconducting polymers modified GCE. Based on non-covalent interactions such as π-π stacking, van der Waals interaction and strong adsorption, they interact with MWCNTs, increasing the solubility of MWCNT in water and therefore stabilizing the DB/MWCNTs solution. Cyclic voltammetry was used to form electro-polymerized film and the redox behavior of DB in the presence of MWCNTs was investigated between -0.2 and 1.8 V at the clean glassy carbon electrode. The consecutive cyclic voltammograms (the first 10 cycles) are plotted in Figure 1 . As the number of cycles increases, the anodic currents increase until a steady state after about 7 cycles. It is an evidence that a polymeric product with the anthraquinone basis formed on the electrode surface.
The morphological characteristics of the modified electrodes were studied by SEM and AFM. Fig. 2 represents the topography SEM and AFM images acquired from the surface of bare GC, PDB/GC and PDB/MWC-NT-GC electrodes.
The SEM images of smooth and homogeneous surface correspond to the unmodified (a) and modified GCE with PDB (b). While the PDB/MWCNTs modified GCE (c) reveal different patterns, this obviously shows that the electrode surface is covered electrochemically by PDB/MWCNTs in three dimensions. The AFM images indicate that the modified electrode surface with PDB/MWCNTs film is throughout rough and in comparison to PDB/GC and bare GC electrode, increases its microscopic area significantly and the resulting currents in voltammetric measurements.
2. Electrochemical Behavior of LD, UA and AA in a Mixture at Modified GCE
In order to study the selectivity of the PDB/MWCNTs-GCE, the cyclic voltammograms of LD, UA and AA in PBS, pH 3, were recorded at the bare and A B C D modified electrodes (Fig. 3) . It can be shown that the anodic peak potentials for the LD (A), UA (B), and AA (C) oxidation at the bare GC electrode are about 0.432, 0.554, and 0.268 V, respectively, whereas the respective potentials at the surface of the PDB/MWCNTs modified GC electrode are about 0.411, 0.573, and 0.182 V. Fig. 3 (D) shows cyclic voltammograms for a mixture of 2 μmol L -1 , 60 μmol L -1 and 100 μmol L -1 of LD, UA and AA, respectively in 0.11 mol L -1 PBS solution (pH 3.0) at bare GCE, PDB/GCE and PDB/MWCNTs-GCE. As can be seen, at bare GCE the oxidation peaks for LD, UA and AA are overlapped together with low currents and this shows slow electron transfer kinetics. At the PDB/MWCNTs modified GCE, three well-defined oxidation peaks appear at 0.450, 0.607 and 0.255 V for LD, UA and AA, respectively. The oxidation responses of LD, UA and AA show a great enhancement in the peak currents at PDB/MWCNTs-GCE in comparison with PDB-GCE and bare GCE. Also, when we compare the oxidation peak potentials of LD, UA and AA, there is an enhancement of the anodic peak separation at the PDB/MWCNTs-GCE relative to the values specified at the PDB/GCE and bare GCE. So, the LD, UA and AA peaks potential separations are large enough for the determination of these compounds in the presence of each other at PDB/MWCNTs-GCE. The enhancement in the LD, UA and AA oxidation peak current is mainly attributed to the considerable increment in the electroactive area of the electrode due to the presence of MWCNTs. This phenomenon makes possible the determination of all of these compounds with satisfactory separation between their oxidation peak potentials in voltammetry.
Effect of pH on the Oxidation of LD
In order to find the optimum pH for determination of LD, the effect of supporting electrolyte pH was studied. In this case, cyclic voltammetry studies were carried out in the pH range of 2.0-9.0 (PBS, 0.11 mol L -1 ) at the surface of PDB/MWCNTs-GCE. Fig. 4 shows cyclic voltammograms obtained for oxidation of LD at the surface of PDB/MWCNTs-GCE at different pH values. The maximum peak current can be observed at pH 3.0. In addition, all the peak potentials for the oxidation of LD shifted towards negative direction with increasing pH. Therefore, pH 3.0 was selected for further experiments. According to the linear plots of E p,a vs. pH concerning the observed slope of -0.057 V/pH for LD (above of the Fig. 4) , which is very close to the expected Nernstian value of 0.059 V at 25 °C, where np (number of protons) = ne (number of electrons).
4. Chronoamperometry Studies
The catalytic electro-oxidation of LD at the surface of the PDB/MWCNTs-GCE was studied by short time chronoamperometry technique. (Fig. 5C). 
5. Differential Pulse Voltammetric
Determination of LD, UA and AA
Since differential pulse voltammetry (DPV) has a much higher current sensitivity and better resolution than cyclic voltammetry, it was applied for study of LD, UA and AA concentration at PDB/MWCNTs-GCE. Under the optimized solution conditions (0.11 mol L -1 PBS, pH 3), the DPVs of various concentrations of LD, UA and AA were separately recorded (Fig. 6) . The respective calibration curves of the anodic peak currents for solutions containing different amounts of each analyte were plotted (Fig. 6, inset) were obtained for LD, UA, and AA, respectively.
The limits of detection (3σ) for determination of LD, UA, and AA on the modified electrode surface, were found to be 3, 2, and 23 nmol L -1 , respectively. Also, the modified electrode presented good repeatability. The relative standard deviations (RSDs) for LD at 0.5 μmol L -1 , UA at 3 μmol L -1 , and AA at 15 μmol L -1 were 0.25%, 0.61%, and 2.1%, respectively, for 6 measurements which reveal that the sensor had good repeatability.
6. Simultaneous Determination of LD, UA and AA in the Mixture
The ability of the PDB/MWCNTs modified GC electrode for simultaneous determination of each analyte was examined by addition of various concentrations of the species in the presence of the constant concentration of the others (Fig. 7) . Under the optimal conditions, by increasing of various concentrations of LD, UA and AA, three separated peaks appeared at the potential of about 0.380, 0.520 and 0.180 V, respectively. By increasing the concentration of LD in the presence of 50 μmol L -1 UA and 200 μmol L -1 AA (Fig. 7A ), the peak current of LD increased linearly with increasing LD concentration in the range of 0.8-72 μmol L -1 and the related regression calibration is I/μA = 0.10 C/μmol L -1 +0.58 (Fig. 7A, inset) . It is observable that the oxidation peaks related to UA and AA are approximately constant. Furthermore, different concentrations of UA in the presence of 1.7 μmol L -1 LD and 220 μmol L -1 AA illustrate excellent DPVs responses (Fig. 7B) (Fig. 7C ). There is no serious variation observed in the peak current of LD and UA, but the peak current of AA in the concentration range of 1-160 μmol L -1 increased linearly with calibration regression equation of I/μA = 0.013 C/μmol L -1 + 1.0 (Fig.  7C, inset) . These results indicate that the electrochemical determination of three analytes in the presence of each other on the PDB/MWCNTs-modified GCE surface is possible independently.
7. Interference Studies
Under the optimal experimental conditions, the influence of various interfering species on the determination of 5.5 μmol L -1 LD was investigated. , HCO 3 -nor 300-fold excess of glucose, lactose, sucrose, fructose, glycine, L-lysine, and riboflavin did not interfere, but practically equal molar concentrations of dopamine, DOPAC, homovanillic acid, epinephrine, and norepinephrine showed interference on determination of LD.
8. Real Samples Analysis
In order to evaluate the analytical applicability of the proposed sensor, direct determination of LD, UA and AA were applied for two physiological samples (human blood serum). The human blood plasma samples were collected from clinical laboratory and diluted 4 times by 0.11 mol L -1 PBS solution (pH 3) without any treatment. The recoveries of these three analytes in blood serum were determined by the standard addition method (Table 1) and satisfactory results were obtained.
These results show that the PDB/MWCNTs-GC modified electrode is an excellent sensitive tool for simultaneous determination of the analytes in physiological samples.
Conclusions
In the present work, it was shown that poly-DB/MWCNTs film on the GCE can be considered as a sensitive and selective sensing element in the simultaneous voltammetric determination of LD, UA and AA. The electrode showed an effective electrocatalytic activity toward the anodic oxidation of LD, UA and AA, which leads to a significant increase in the peak currents and a decrease in peak over-potentials. The good resolution was observed between the DPV peak potentials of LD, UA and AA, showing this is a very appropriate method for the voltammetric determination of the compounds. This method is financially more reasonable than chromatographic separation methods. Furthermore, sensor production is easy and fast, and there is no need to use complex pretreatment or toxic organic synthetic materials. In other words, they belong to green chemistry. 
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